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Neural development: The semantics of axon guidance
David Van Vactor and Lori J. Lorenz
Recent studies of the semaphorin family of axon
guidance signals and their receptors have revealed a
surprising versatility in the ways that they can be used
to solve problems in neural development, and provided
new opportunities for understanding how guidance
information is interpreted beneath the cell surface.
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In order to reach specific and often distant targets during
embryonic development, neuronal processes rely upon
guidance information to make appropriate decisions along
the way. The language that conveys this information is
thought to be a dialect of secreted and cell surface
proteins sufficiently versatile to generate a nervous system
of immense complexity. Although we are beginning to
appreciate the vocabulary of this language through the
identification of axon guidance factors, the logic with
which meaning is assigned to each guidance signal is still
largely mysterious. One key to the semantics — ‘science
of meaning’ — of axon guidance lies in the receptors that
help interpret particular cues and translate this informa-
tion into cellular behavior. We shall review some of the
latest insights into one family of guidance factors and their
receptors: the semaphorins, plexins and neuropilins.
Semaphorins and the language of axon guidance
The semaphorins, cleverly named after the flag-based
signals known as semaphores — a word itself derived from
the Greek root semas or ‘signal for recognition’ — are
amongst the most prominent of the conserved families of
known axon guidance molecules [1]. The known
semaphorins — ‘Sema’ proteins — fall into nine different
subfamilies, three of which are secreted and the rest of
which are transmembrane or membrane-associated proteins
(Figure 1a). They each bear a conserved semaphorin
domain, in addition to other conserved motifs that define
subfamily status. Semaphorins are expressed in many dif-
ferent regions of the developing nervous system, and play
important roles in establishing accurate axonal projections
in various contexts. At a cellular level, secreted semaphorins
were first defined as axon repellents by the dramatic growth
cone collapse observed when chick sensory axons
encounter the semaphorin Collapsin-1/Sema III [1]. Studies
of semaphorin action in different systems have indicated
that axon repulsion is a major theme for several different
family members, and that repulsion can be used in different
ways to solve a number of the important problems that face
developing axons. 
Figure 1
Semaphorins and semaphorin receptors. (a) Semaphorins can be
divided into distinct classes on the basis of their membrane topology
and conserved domains. The latter include, in addition to the
semaphorin domain (Sema, orange), the immunoglobulin domain (Ig,
red), the basic tail (BT, yellow), and the thrombospondin repeat (TR,
pink). The signal sequence (SS) is shown in blue. (b) The two
identified classes of semaphorin receptors: the neuropilins and plexins.
Neuropilins contain three types of extracellular domain: two
complement-binding (CUB, blue-green) domains (a1 and a2), two
coagulation factor (FV/VIII, magenta) domains (b1 and b2), and a
‘Meprin, A5, Mu’ (MAM, light green) domain. Plexins are also members
of the semaphorin family, as each contains a Sema domain. All plexins
contain extracellular cysteine-rich repeats (MRS, dark blue) and
glycine–proline-rich sequences (GPR, red). The Met receptor, which
has a tyrosine kinase domain (TK, gray) is a plexin, but is not known to
bind semaphorins. VESPR, the receptor for a viral semaphorin, shares
conserved cytoplasmic domains (CD1, purple; CD2, blue) with other
plexins, such as D-Plex A, the receptor for D-Sema 1a.
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As is often the case in cell signaling, the key to under-
standing the significance of a signal lies in the relationship
between its source and its target. Depending on the pre-
sentation, repellent signals can act to provide restrictive
boundaries to axon outgrowth, to promote directional
motility away from a graded source, or to promote/control
defasciculation (disassociation) amongst axons that co-
express the repellent or its receptor. In the grasshopper
limb, G-Sema 1a (formerly Fasciclin IV) and the secreted
G-Sema 2a are presented by epithelial cells that form the
substrate for sensory (Ti) axon growth. Unlike G-Sema 1a,
which is expressed in circumferential bands in the limb
where it promotes fasciculation of Ti axons, G-Sema 2a is
expressed in a proximo-distal gradient throughout the
region where Ti axons begin their journey to the central
nervous system (CNS; Figure 2a) [1,2]. Interestingly,
recent antibody perturbation experiments have shown
that G-Sema 2a is necessary to define and maintain the
polarity of Ti axon growth [2]. 
These new observations on G-Sema 2a are exciting,
because the basis for stereotyped neuronal polarity has long
been a mystery. Furthermore, the same strategy is used in
the vertebrate cortex. Recent work has shown that a gradi-
ent of mouse Sema III, which is expressed in the cortical
plate and marginal zone on the outer surface of the cortex,
defines the characteristic inward polarity of cortical axon
outgrowth (Figure 2b) [3]. Diffusible semaphorins can thus
define, not only restrictive boundaries, as is thought to be
the case for sensory axons innervating the spinal cord [1],
but also polarity information across a field of tissue.
The available evidence suggests that transmembrane
semaphorins can use a number of different strategies to
control patterns of axonal fasciculation. As mentioned
above, G-Sema 1a expression on epithelial cell surfaces
appears to promote the tight fasciculation of Ti axons as
they grow across this substrate [1,2]. In the fruitfly
Drosophila, however, D-Sema 1a is expressed on axons,
and appears to promote the defasciculation of axons
within the CNS and in the periphery, where motor axons
must leave large axon bundles in order to enter appropri-
ate target regions (Figure 2c) [4]. Semaphorins can thus be
used to drive axons together or apart, depending on the
source of the repellent. This function is not unique to the
transmembrane family members, as peripheral axon path-
ways display grossly abnormal patterns of fasciculation in
mice lacking M-Sema III or its receptor [5]. Here the logic
appears to be spatial restriction, as M-Sema III is
expressed in regions of the mouse limb where peripheral
nerves do not normally invade (Figure 2d). 
Plexins define a new semaphorin receptor family
Ironically, both of the known classes of semaphorin
receptors — the neuropilins and the plexins — were first
identified as neural cell adhesion molecules, and were
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Semaphorins define the polarity of axon outgrowth and control axon
fasciculation in vivo. (a) In the metathoracic limb of the grasshopper, a
distal-to-proximal gradient of G-Sema 2a (red) defines the polarity of
sensory axon outgrowth. The sensory pioneers (Ti, yellow) extend
across a highly stereotyped pathway to reach the CNS; the Ti axons
grow proximally along the limb epithelium, crossing segment
boundaries, and contacting other sensory neurons (green) along their
path. The initial and maintained polarity of axon outgrowth has been
shown to depend on semaphorin function. Limb segments: TA, tarsal;
TI, tibial; FE, femoral; TR, trocantoral; CX, coxal. (b) In the developing
vertebrate cortex, Sema III is secreted by cells in the cortical plate and
marginal zone (MZ), creating a gradient of this repellent factor (red)
that determines axonal polarity. Cortical neurons (yellow) extend their
axons proximally, away from the MZ, detecting Sema III via its receptor
Neuropilin 1. (c) In the Drosophila embryo, motor axons express 
D-Sema 1a (red) and its receptor D-Plex A as they extend into the
periphery to find their correct target muscles. Genetic studies suggest
that motor axons repel each other in order to defasciculate at key
choice points, where subsets must break away and explore muscle
surfaces. (d) Fasciculated peripheral nerves enter the developing
mouse limb in a characteristic pattern, avoiding regions that express
high levels of Sema III (red). In both mutants deficient in Sema III or
Neuropilin 1, these nerve pathways are defasciculated and
disorganized, suggesting that the peripheral source of repellent
maintains orderly axon ingrowth.
only later shown to bind and mediate semaphorin signals
[5]. Several studies on vertebrates have shown that neuro-
pilins act as receptors for class III secreted semaphorins,
although neuropilins have yet to be found in Drosophila
(Figure 1) [5]. More recently, inspired by observations
that members of the plexin family — ‘Plex’ proteins —
can interact with viral semaphorins, studies on Drosophila
have shown that D-Plex A is a receptor for the transmem-
brane ligand D-Sema 1a [6]. Like D-Sema 1a [4], D-Plex
A is expressed primarily by neurons [6]. Consistent with a
common functional role, loss of D-Plex A causes CNS and
motor axon phenotypes nearly identical to those observed
in D-Sema 1a mutants [6]. 
The evidence for a receptor–ligand relationship between
the plexins and semaphorins is three-fold and, taken
together, compelling [6]. First, trans-heterozygous fruit-
flies lacking one copy of D-Plex A and one copy of D-Sema
1a show clear axonal phenotypes, indicating a potent dose-
sensitive interdependency in the function of the proteins
encoded by these two genes. Second, loss of D-Plex A
attenuates the response of axons to ectopic D-Sema 1a,
showing that the plexin is required for the repellent
response. And third, D-Plex A binds both D-Sema 1a and
D-Sema 1b, showing that the interaction is direct. 
Interestingly, D-Plex A mutant phenotypes are suppressed
by mutations in the homophilic cell adhesion molecule
Fasciclin II, suggesting that D-Plex A controls axonal
defasciculation in the context of a balance of adhesive
forces. Unlike the neuropilins, which share no sequence
conservation with semaphorins, plexins contain amino-
terminal semaphorin domains, and are thus kissing cousins
of their semaphorin partners. This curious relationship
raises the question of whether plexins are always on the
receiving end of signals.
Neuropilins reveal complexity in signal interpretation
With receptors for neural semaphorins in hand, one can
begin to ask how these proteins function to interpret guid-
ance information. Although Neuropilin 1 and Neuropilin 2
lack absolute specificity when it comes to binding secreted
semaphorins, the axon repellent activity of Sema III
appears to be quite specific to Neuropilin 1, whereas Sema
IV repulsion is mediated by Neuropilin 2, even in sympa-
thetic neurons that express both receptors [7,8]. This strik-
ing specificity may be important for allowing neurons
equipped with different receptor combinations to make
discriminating choices in a complex embryonic landscape
where multiple semaphorin signals overlap. But what
defines the specificity of the response? 
Neuropilins contain several recognizable extracellular
domains, including two amino-terminal complement-
binding (CUB) domains, two coagulation factor FV/VIII
domains and a membrane-proximal MAM domain
(Figure 1b) [5]. Several studies have shown that the ligand
specificity of a neuropilin maps to the amino-terminal
portion of its extracellular domain, whereas some forms of
receptor oligomerization depend on the membrane-proxi-
mal MAM domain; however, both CUB and MAM
domains are required for biological activity [7–9]. Thus a
chimeric receptor, where the CUB and FV/VIII domains
of Neuropilin 1 were replaced by those of Neuropilin 2,
conferred Sema VI responsiveness on neurons that
normally do not detect this signal [7]. 
Experiments with receptor chimeras have revealed
another fascinating detail: the intracellular domain of
Neuropilin 1 is not required for its biological activity,
despite strong carboxy-terminal sequence conservation
within the neuropilin family [9]. This result seems to
confirm the notion suggested by other studies that neu-
ropilins must have partners or co-receptors that act to
convey signals across the cell membrane. While studies
outside of the nervous system suggest that the additional
component might be a tyrosine kinase, the identity of the
neuronal partner(s) is still unknown [5].
The future lies downstream
The most mysterious aspect of semaphorin interpretation
lies inside of the cell. Studies of growth cone responses to
Sema III suggest that actin cytoskeletal disassembly
produces the characteristic collapse [5], but it is not clear
how this response is achieved and whether there are other
important effects on growth cone cell biology. So far, a
number of different intracellular proteins have been iden-
tified as candidate transduction components for secreted
semaphorins, including the GTPase Rac1 and CRMP-
62/Unc-33, but nothing is known about how the down-
stream pathway might be organized [5]. 
Recent results suggest that the neuronal interpretation of
semaphorins may be controlled in a dynamic and context-
dependent fashion. For example, acute exposure of
sensory neurons to combinations of neurotrophins can
modulate their sensitivity to Sema III [10]. More impres-
sive is the effect of the cGMP: elevated levels of this
cyclic nucleotide can convert the Sema III response of
Xenopus spinal growth cones from repulsion to attraction
[11]. This dramatic switch in growth cone perception is
not unique to semaphorins, but suggests that the interpre-
tation of one guidance signal can be highly dependent on
other signals. It is already clear that both secreted and
transmembrane semaphorins are capable of functioning to
attract axons [12,13]; however, the role of cGMP in defin-
ing the nature of semaphorin responses has not been
addressed in vivo.
These first steps towards an understanding of semaphorin
signaling are already pointing to a major question for 
the future: how does a growth cone integrate multiple,
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simultaneous pieces of guidance information to achieve
reproducible and specific behavior? It will be very inter-
esting to see whether in vitro modulators of semaphorin
responses, such as neurotrophins and cGMP, play a signif-
icant role in shaping growth cone interpretation in vivo. It
is, however, already clear from studies on the Drosophila
embryo that target selection by growth cones of motor
neurons is determined by the relative balance of repellent
Sema III and attractive netrins presented by target
muscles [14]. The results of these elegant experiments,
where different cues were manipulated simultaneously in
an otherwise normal environment, suggest that the
optimal properties of a target may be determined by a
unique combination of cues. Although we are just begin-
ning to appreciate the precise syntax and vocabulary of
axon guidance and target recognition, this language
promises to be very interesting.
Acknowledgements
D.V.V. is supported by a McKnight Scholar Award, a Klingenstein Fellowship,
a Medical Foundation Fellowship, The Council for Tobacco Research, USA
and NIH grant #NS35909; L.J.L. is supported by the Whitehall Foundation. 
References
1. Kolodkin AL: Semaphorins: mediators of repulsive growth cone
guidance. Trends Cell Biol 1996, 6:15-22.
2. Isbister CM, Tsai A, Wong ST, Kolodkin AL, O'Connor TP: Discrete
roles for secreted and transmembrane semaphorins in neuronal
growth cone guidance in vivo. Neuron 1999, in press.
3. Polloeux F, Giger RJ, Ginty DD, Kolodkin AL, Ghosh A: Patterning of
cortical efferent projections by Semaphorin–Neuropilin
interactions. Science 1998, 282:1904-1906.
4. Yu HH, Araj HH, Ralls SA, Kolodkin AL: The transmembrane
Semaphorin Sema I is required in Drosophila for embryonic
motor and CNS axon guidance. Neuron 1998, 20:207-220.
5. Fujisawa H, Kisukawa T: Receptors for collapsin/semaphorins. Curr
Opin Neurobiol 1998, 8:587-592.
6. Winberg ML, Noordermeer JN, Tamagnone L, Comoglio PM, Spriggs
MK, Tessier-Lavigne M, Goodman CS: Plexin A is a neuronal
Semaphorin receptor that controls axon guidance. Cell 1998,
95:903-916.
7. Giger RJ, Urquhart ER, Gillespie SKH, Levengood DV, Ginty D,
Kolodkin AL: Neuropilin-2 is a receptor for Semaphorin IV: insight
into the structural basis of receptor function and specificity.
Neuron 1998, 21:1-20.
8. Chen H, He Z, Tessier-Lavigne M: Semaphorin/neuropilin
interactions underlying sympathetic axon responses to class III
semaphorins. Neuron 1998, 21:1283-1290.
9. Nakamura F, Tanaka M, Takahashi T, Kalb RG, Strittmatter SM:
Neuropilin-1 extracellular domains mediate Semaphorin D/III-
induced growth cone collapse. Neuron 1998, 21:1093-1100.
10. Tuttle R, O'Leary DDM: Neurotrophins rapidly modulate growth
cone response to the axon guidance molecular, Collapsin-1. Mol
Cell Neurosci 1998, 11:1-8.
11. Song H, Ming G, He Z, Lehmann M, McKerracher L, Tessier-Lavigne
M, Poo M: Conversion of neuronal growth cone responses from
repulsion to attraction by cyclic nucleotides. Science 1998,
281:1515-1518.
12. Wong JTW, Yu WTC, O'Connor TP: Transmembrane grasshopper
Semaphorin I promotes axon outgrowth in vivo. Development
1997, 124:3597-3607.
13. Bagnard D, Lohrum M, Uziel D, Puschel AW, Bolz J: Semaphorins
acts as attractive and repulsive guidance signals during the
development of cortical projections. Development 1998, 
125:5043-5053.
14. Winberg ML, Mitchell KJ, Goodman CS: Genetic analysis of the
mechanisms controlling target selection: complementary and
combinatorial functions of netrins, semaphorins, and IgCAMs. Cell
1998, 93:581-591.
R204 Current Biology, Vol 9 No 6
